Comparison of the proteomes of the wild-type and Fe-only hydrogenase mutant strains of Desulfovibrio vulgaris Hildenborough, grown in lactate-sulfate (LS) medium, indicated the near absence of open reading frame 2977 (ORF2977)-coded alcohol dehydrogenase in the hyd mutant. Hybridization of labeled cDNA to a macroarray of 145 PCR-amplified D. vulgaris genes encoding proteins active in energy metabolism indicated that the adh gene was among the most highly expressed in wild-type cells grown in LS medium. Relative to the wild type, expression of the adh gene was strongly downregulated in the hyd mutant, in agreement with the proteomic data. Expression was upregulated in ethanol-grown wild-type cells. An adh mutant was constructed and found to be incapable of growth in media in which ethanol was both the carbon source and electron donor for sulfate reduction or was only the carbon source, with hydrogen serving as electron donor. The hyd mutant also grew poorly on ethanol, in agreement with its low level of adh gene expression. The adh mutant grew to a lower final cell density on LS medium than the wild type. These results, as well as the high level of expression of adh in wild-type cells on media in which lactate, pyruvate, formate, or hydrogen served as the sole electron donor for sulfate reduction, indicate that ORF2977 Adh contributes to the energy metabolism of D. vulgaris under a wide variety of metabolic conditions. A hydrogen cycling mechanism is proposed in which protons and electrons originating from cytoplasmic ethanol oxidation by ORF2977 Adh are converted to hydrogen or hydrogen equivalents, possibly by a putative H 2 -heterodisulfide oxidoreductase complex, which is then oxidized by periplasmic Fe-only hydrogenase to generate a proton gradient.
The role of the cytoplasmic membrane in the conservation of chemiosmotic energy is fairly well understood for aerobic bacteria, because of similarities to the mitochondrial inner membrane paradigm. However, this role is much less clear for anaerobes. For instance, chemiosmotic energy conservation is crucial for sulfate-reducing bacteria (SRB), when growing with lactate as the electron donor, because the ATP yield of substrate-level phosphorylation exactly balances what is required for sulfate activation (19, 21, 33) . Odom and Peck proposed that SRB of the genus Desulfovibrio conserve chemiosmotic energy by hydrogen cycling (17) . In their model, hydrogen generated from cytoplasmic lactate oxidation was proposed to diffuse across the cytoplasmic membrane, where it is oxidized by periplasmic hydrogenase to form a proton gradient with the electrons being conducted back to the cytoplasmic sulfate reduction pathway. Analysis of the genome sequence for Desulfovibrio vulgaris Hildenborough (http://www.tigr.org) has indicated the presence of two cytoplasm-facing, membrane-bound hydrogenases, four periplasmic hydrogenases, and a variety of transmembrane electron-transporting complexes. Hence, all components required for a hydrogen cycling mechanism of energy conservation are present in D. vulgaris. However, detailed physiological analysis of mutants lacking either the hyd genes for periplasmic Fe-only hydrogenase or the hmc genes for the transmembrane, electron-transporting high-molecularweight cytochrome (Hmc) complex has revealed a more complicated picture (5, 18, 30) . Relative to the wild-type strain, the hyd mutant appeared to produce significant amounts of CO from pyruvate. CO was formed transiently in cultures containing lactate or pyruvate and excess sulfate (30) , indicating that it was both produced and consumed. The genome sequence of D. vulgaris also indicates the presence of a cytoplasmic pyruvate-formate lyase and of multiple periplasmic formate dehydrogenases. Hence, cycling of metabolites other than hydrogen (i.e., CO and formate) may contribute to chemiosmotic energy conservation during sulfate reduction with lactate (30) .
Because the D. vulgaris genome sequence is known, the question of which proteins are involved in chemiosmotic energy conservation can now be pursued by proteomic or functional genomic approaches. In view of the significant physiological differences between the hyd mutant and wild-type strain (30) , we focused initial studies on a comparison of these two strains. Bacterial strains, plasmids, and primers. The strains and plasmids used in this study are listed in Table 1 . The primers listed in Table 1 were used for construction of the D. vulgaris adh mutant. Sequences of 290 forward and reverse primers used to PCR amplify 145 genes involved in energy metabolism of D. vulgaris chosen from a preliminary annotation of the genome were designed with Primer 3 (www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi) to have a T m of 60°C and were synthesized by University Core DNA Services with a 96-well MerMade IV system from Bioautomation (Plano, Tex.). The sequences used have been listed elsewhere (www.ucalgary.ca/SC/BI/divisions/cmmb/voordouw2 .html).
MATERIALS AND METHODS

Materials
Growth of bacteria. For construction of the adh mutant, Escherichia coli and D. vulgaris strains were cultured in media described elsewhere (7, 18 with either CO 2 and 3 mM acetate or CO 2 and 3 mM ethanol as the carbon source. The optical density of cultures at 600 nm (OD 600 ) was determined with a Shimadzu UV-visible spectrophotometer. Sulfate and sulfide concentrations were determined as described elsewhere (15) .
2DE. Cultures (50 to 250 ml) in WP-LS medium were harvested in the midexponential phase (OD 600 ϭ 0.3). Following harvesting of cells by centrifugation (10,000 ϫ g, 20 min, 4°C), Tris-EDTA (TE) extracts were prepared by resuspending the pellets in 0.1 M Tris-0.1 M EDTA (pH 9) equivalent to 0.01 V ϫ OD 600 , where V is the volume (milliliters) and OD 600 is the OD of the culture at the time of harvesting and processing as described elsewhere (6) . Aliquots (50 l) of TE extracts were frozen in liquid nitrogen and stored at Ϫ80°C. TE extracts had a protein content of 3.1 to 5.4 mg/ml, as determined by the method of Bradford (2) . Isoelectric focusing was carried out with the IPGphor system using 18-cm strips with immobilized pH gradients (IPGs) of 3 to 10 nonlinear (NL), 4 to 7, and 6 to 9 (Amersham Biosciences, Freiburg, Germany). For silver and colloidal Coomassie brilliant blue (cCBB) staining, 20 to 40 g and 50 to 200 g of protein were loaded into the IPG strip holders, respectively. The appropriate volume of TE extract was diluted with rehydration buffer (8) . Conditions for rehydration, sample entry, and isoelectric focusing were as described by Rabus et al. (20) . After isoelectric focusing, the strips were incubated in equilibration buffer containing dithiothreitol (DTT) and then in equilibration buffer containing iodoacetamide (8, 20) . Proteins were separated by two-dimensional gel electrophoresis (2DE) using an electrophoresis system from Genomic Solutions, Inc. (Ann Arbor, Mich.), as recently described (8, 20) . Following electrophoresis, gels were fixed and stained with silver or cCBB (16) . Data acquisition of stained gels was performed with the IMAGE scanner (Amersham Biosciences).
Amino acid and mass spectrometric analysis. Protein spots stained with cCBB were excised manually. Tryptic digest of proteins and separation of peptide fragments by high-performance liquid chromatography was carried out as described before (12) . Determination of amino acid sequences by Edman-degradation (11) and of peptide masses by matrix-assisted laser desorption ionizationtime of flight mass spectrometry (MALDI-TOF MS) (4) was carried out by TopLab (Martinsried, Germany). Protein identification and genome analysis were based on a preliminary list of annotated genes from the genomic sequence of D. vulgaris. Peptide mass fingerprints were mapped to the coding genes by using the MS-Digest program (3). For matching of experimentally determined peptide masses with theoretical values, differences of about 50 ppm were allowed as thresholds.
Design and production of a D. vulgaris macroarray. A set of 177 open reading frames (ORFs) encoding proteins involved in energy metabolism (for a complete list, see www.ucalgary.ca/SC/BI/divisions/cmmb/voordouw2.html) was identified from a preliminary annotation of the D. vulgaris genome. Primers for PCR amplification of this set covered as much of each ORF as possible. PCR products ranged in length from 0.1 to 2.9 kb. In some cases, two or more ORFs in the same operon were amplified together. PCRs (50 l) included 5 l of 10ϫ PCR buffer (500 mM KCl, 15 mM MgCl 2 , 100 mM Tris-HCl [pH 9]), 1 l of deoxynucleoside triphosphates (dNTPs [2.5 mM each]), 1 l of each primer (20 pmol/l), 0.2 l of Taq polymerase (5 U/l), and either a large (100 ng) or small (1 ng) amount of D. vulgaris chromosomal DNA. Amplification was in a Perkin-Elmer GeneAmp 2400 PCR system by incubation for 5 min at 94°C, followed by 30 cycles of 30 s at 94°C; 30 s at 55°C; and 90, 120, or 180 s at 72°C, depending on the size of the expected product (up to 1 kb, 1 to 2 kb, or 2 to 3 kb, respectively). When using 100 ng of chromosomal DNA as the template, the product of the first PCR was diluted 500-fold, and 1 l was used as the template in a second PCR. When using 1 ng of DNA, the product of the first PCR was used directly. PCR products were visualized on 0.7% (wt/vol) agarose gels stained with ethidium bromide. Those used for array construction (145 PCR products covering 159 of the 177 ORFs identified initially) consisted of single bands of the expected size. PCR products (25 to 100 ng/l, as determined fluorimetrically) were incubated in a boiling water bath (3 min) and then in an ice bath (3 min). Aliquots (1 l) of denatured PCR products were spotted 0.6 cm apart on Hybond-N membranes with a PB600 repeating dispenser (Hamilton, Co., Reno, Nevada), fitted with a 50-l no. 710 Hamilton syringe. A PCR-negative control reaction mixture with 1 ng of chromosomal DNA but no primers was spotted as a negative control (0.02 ng of chromosomal DNA per spot). Bacteriophage DNA was also spotted as a negative control, whereas denatured D. vulgaris chromosomal DNA (12.5 to 1.6 ng per spot) was spotted as positive controls. After drying, DNAs were covalently linked to the arrays by UV irradiation. Macroarrays were stored at room temperature. Hybridization with labeled cDNA. RNA was prepared from 50-ml cultures grown to half-maximal density in WP medium. One volume of culture was added to 2 volumes of Qiagen RNAprotect reagent, and RNA was extracted and purified with the Qiagen RNeasy kit with on-column DNase treatment. Samples of purified, DNA-free RNA in RNase-free water were stored at Ϫ80°C. (14) was labeled by using random hexamers (26, 32) . Labeled cDNA or genomic DNA probes were hybridized to the arrays at 68°C by a high-stringency procedure (22, 31) . After washing and drying, the arrays were exposed to BAS-IIIS type imaging plates for 4 h. These were scanned with a BAS1000 bio-imaging analyzer (Fuji). MacBas 2.2 software gave hybridization intensities in units of photostimulable luminescence (PSL) for all spots. Net values (⌬PSL) were obtained by subtracting negative control values, and the sum, ⌺⌬PSL, of all 145 ⌬PSL values was calculated. ⌬PSL S values were calculated as (⌬PSL/⌺⌬PSL) ⅐ 100. On average, ⌬PSL S values differed by 4.5% from the mean in duplicate experiments in which a labeled cDNA from the same mRNA pool was split and hybridized to two macroarrays. ⌬PSL S values obtained for labeled cDNAs from independently prepared mRNA pools differed on average by 16.9% from the mean. Average ⌬PSL S values were calculated for four array hybridizations by using labeled cDNAs from two independently prepared RNA samples hybridized in duplicate. Average values for ⌬PSL S were divided by average values obtained with the genomic DNA probe to obtain net relative hybridization intensities (I R ), corrected for different concentrations of the immobilized target gene, as well as for differences in signal intensity due to the different lengths of the PCR products.
Construction of the adh mutant. The gene for ORF2977 Adh, flanked by 500-bp upstream and downstream regions, was amplified with primers P206-f and P207-r (Table 1) , cut with KpnI and PstI, and cloned in pNOT19 to give pNotAdh. Cleavage with SalI and ligation gave pNot⌬Adh, in which bp 387 to 502 of the 1,179-bp adh coding region were deleted. Plasmids pNot⌬AdhBam, pNot⌬AdhCm, and pNot⌬AdhCmMob were created by sequential insertion of (i) a SalI-BamHI adapter (5Ј-TCGAGGGATCCC), (ii) the 1.4-kb BamHI fragment from pUC19Cm containing the cat gene, and (iii) the 4.2-kb NotI fragment from pMOB2 containing oriT and sacB. The suicide plasmid was transferred to D. vulgaris by conjugation with E. coli S17-1 (pNot⌬AdhCmMob). A singlecrossover integrant, D. vulgaris ADH11, in which pNot⌬AdhCmMob had integrated through the upstream homologous regions, was selected. Computer analysis indicated that Southern blotting of SalI-digested chromosomal DNAs, using the labeled wild-type P206-f and P207-r amplicon as the probe, would give distinctly sized hybridizing fragments for the wild type (1.7 and 2.3 kb), the integrant (1.3, 2.3, and 8.3 kb), and the double-crossover deletion mutant (5.4 kb). Growth of D. vulgaris ADH11 in the presence of sucrose and chloramphenicol followed by colony purification gave D. vulgaris ADH100 with this expected Southern blot pattern (results not shown).
RESULTS
2DE.
The protein compositions of TE extracts of the wildtype and hyd mutant D. vulgaris strains were compared by using IPG strips with IPGs of 3 to 10, 4 to 7, or 6 to 9 in the first dimension. The largest number of distinct protein spots was resolved with a pH gradient of 4 to 7 (Fig. 1) . Twenty-nine prominent proteins were excised from cCBB-stained 2DE gels and identified by MALDI-TOF analysis of trypsin digests (Table 2). Their positions in silver-stained gels are indicated in Fig. 1 and 2 . Their theoretical molecular masses agreed well with their positions on the gel, except for spots 3 to 7, 12, and 14. Spots 4 and 5 were identified as a 94.1-kDa membraneprotein that would not be expected in the TE extract, unless the observed mass (32 kDa) represents a smaller, soluble fragment. As reported before (6), the TE extract contains both periplasmic and cytoplasmic proteins, even though this extraction method was thought to specifically extract periplasmic proteins (29) . Although periplasmic proteins were present (Table 2), most of the identified proteins were cytoplasmic. This included EF-Ts and EF-Tu (Fig. 1, spots 13 and 20) , elongation factors in protein synthesis that are among the most highly expressed proteins in growing bacterial cells. A protein typical for anaerobic energy metabolism was acetate kinase (Fig. 1,  spot 25 ), whereas an enzyme typical for sulfate reducers, sulfate adenylyltransferase (ATP sulfurylase), was represented by spots 16 and 17, indicating posttranslational processing. Nigerythrin, which has an oxygen defense function, was also identified (Fig. 1, spot 11) . The TE extract thus contains a wide variety of soluble cytoplasmic and periplasmic proteins. Comparison of more than 10 2DE gels indicated that TE extraction represents an easy and reproducible way to characterize the D. vulgaris proteome.
Despite the significant physiological differences between wild-type and hyd mutant D. vulgaris (30) , it appeared that the proteomes of WP-LS-grown cells were quite similar (Fig. 1 ). Significant differences were only seen in spot 1, resolved in spots 1a and 1b when a pH gradient of 6 to 9 was used (Fig. 2) . These were seen in the wild type but not in the hyd mutant, whereas spots 2 and 3 were more prominent in the hyd mutant than in the wild-type proteome. Because of its similar molecular mass, spot 1 was thought to represent the 46-kDa ␣-subunit of Fe-only hydrogenase (HydA), which is absent from the TE extract of the hyd mutant as judged by immunoblotting (18) . However, MALDI-TOF analysis of trypsin digests indicated that spots 1a and 1b both represent ORF2977 Adh, not HydA. This was confirmed by Edman degradation analysis, which indicated AVQEQVYGFFIPR as the N terminus for both spots, matching that predicted for ORF2977 Adh. The presence of two spots with the same M r , but distinct pIs, indicates posttranslational modification of ORF2977 Adh. HydA was not identified either on 2DE gels with different IPGs or with protein blotting of a wide-pH-range gel, indicating its loss during isoelectric focusing. Proteins 2 and 3, which appeared more abundant in the hyd mutant than in the wild type, did not have a function associated with hydrogen metabolism (Table  2) . Both were more abundant in the wild-type strain during the stationary phase (not shown). The more sluggish growth of the hyd mutant on WP-LS medium (30) may have caused higher abundance of these proteins to occur earlier. In contrast, the absence of spots 1 in the hyd mutant was a constant feature. Thus the main difference in the two proteomes is a near absence of ORF2977 Adh in the hyd mutant, as compared to the wild type.
Gene arrays. The pattern resulting from hybridization of labeled cDNA prepared from WP-LS grown wild-type D. vulgaris RNA to a macroarray is shown in Fig. 3A. I R values for all array results are listed at www.ucalgary.ca/SC/BI/divisions /cmmb/voordouw2.html. The reproducibility of macroarray hybridizations for RNA samples extracted from two separate cultures of the wild type in WP-LS is shown in Fig. 4A . All data points fall within a corridor that represents a fourfold change in RNA expression. Hence, gene expression changes within this fourfold corridor may not be significant. Under these conditions, the most highly expressed genes encode proteins involved in sulfate reduction (sat, apsBA, dsrABD, dsrC, and ppaC), lactate oxidation (por and ack), ethanol oxidation (adh), electron transport in the periplasm (cyc) and across the cytoplasmic membrane (thcE), ATP synthesis (atpA and atpD), and oxygen resistance (sor and rub) ( Table 3) . Interestingly, ORF2977 adh was the most highly expressed of the set of 145 genes represented on the macroarray. Expression of ORF2977 adh was further increased in wild-type cells grown with ethanol, but significantly decreased in the hyd mutant ( Fig. 3B and  C) . A comparison of array data for the hyd mutant and wild type is shown in Fig. 4B . Spots outside the fourfold corridor were ORF2977 adh, ORF2976 and ORF2967, putative H 2 -heterodisulfide reductase complex subunits (Fig. 4B, spots 1 to  3, downregulated) , as well as ORF2128-2130 hynAB NiFe hydrogenase and an ORF3201-encoded hybrid cluster protein of unknown function (Fig. 4B, spots 4 and 5, upregulated) . The ORF2976 and ORF2967 putative H 2 -Hdr complex was also downregulated in the adh mutant in addition to ORF3423 flavodoxin, whereas ORF2437 carbon monoxide dehydrogenase was upregulated (data not shown). In the hyd mutant, hydAB gave no significant hybridization signal, in agreement with the fact that the hydAB genes were completely deleted (18) . There was a residual adh message signal in the adh mutant (Fig. 3D ). Because only a portion of the adh gene was deleted, this likely represented the 5Ј end of the adh gene. 2DE analysis of the adh mutant showed the absence of ORF2977 Adh as in Fig. 2 (data not shown) .
Expression of the adh gene relative to that of the wild type grown in WP-LS is summarized in Table 4 . Expression was found to be even higher for the wild type grown with ethanol (see also Fig. 3B ) and to be low in the hyd mutant ( Fig. 3C and Table 4 ). Although in wild-type cells, expression of adh depended somewhat on the choice of electron donor, it was one of the most highly expressed genes irrespective of whether lactate, pyruvate, formate, ethanol, or hydrogen was used (Table 4). The array data thus confirm the results of proteomic analysis in that adh expression is low in the hyd mutant.
Physiological analysis of the adh mutant. Despite the high level of expression of the adh gene, it was relatively easy to make a mutant, indicating that ORF2977 Adh is not essential to D. vulgaris when cells are grown with either lactate or hydrogen as the electron donor for sulfate reduction. Growth in WP-LS medium (lactate as the electron donor) is compared in Fig. 5A and B. Although the adh mutant appeared to grow well FIG. 1. Silver-stained 2DE gels of TE extracts from D. vulgaris wild-type (WT) and hyd mutant (Hyd100) strains. Proteins were separated by isoelectric focusing with IPGs of 4 to 7, as indicated. All numerically marked spots were identified by MALDI-TOF-MS (Table 2 ). Protein 1 is at the right edge of this pH gradient. in this medium, it reached a lower final cell density: OD 600 ϭ 0.420 Ϯ 0.015 and 0.475 Ϯ 0.019 for the adh mutant and wild-type strains, respectively (mean of five determinations). This indicates that, although not essential, ORF2977 Adh contributes to the bioenergetics of D. vulgaris during growth on lactate-containing medium. The hyd mutant also grew to lower final cell density compared to the wild type (OD 600 ϭ 0.435 Ϯ 0.032) in WP-LS medium.
When using ethanol as a carbon source and electron donor, no sulfate reduction and associated growth was seen for the FIG. 2. Silver-stained 2DE gels of TE extracts from D. vulgaris wild-type (WT) and hyd mutant (Hyd100) strains. Proteins were separated by isoelectric focusing with IPGs of 6 to 9. Proteins 1a and 1b were identified by MALDI-TOF-MS and Edman degradation. Only a portion of each gel is shown. a Spot numbers in 2DE gels shown in Fig. 1 and 2 . b Identification by mass spectrometry in a database of coding genes (http://www.tigr.org). Spots 1a and 1b were also identified by N-terminal sequence analysis. c Extent to which the combined peptide masses cover the indicated sequence. Low coverage of proteins 3 and 12 was due to problems with mass spectrometry calibration and N-terminal truncation, respectively.
d Significance of the match between experimental and theoretical peptide masses as expressed by the probability that the match is due to random chance. e pI is the average theoretical value calculated with programs found at http://www.embl-heidelberg.de/cgi/pi-wrapper.pl and http://www.biologie.uni-freiburg.de/data /PcIP.html.
f M r is the theoretical molecular mass derived from the genome sequence. *, disagreement with M r observed in Fig. 3 . g Most likely location-periplasmic (P), cytoplasmic (C), or in the membrane (M)-based on evaluation of the amino acid sequence. h Annotated function.
adh mutant, whereas the wild type reached a final cell density (OD 600 ) of 0.335 Ϯ 0.012, as shown in Fig. 5C and D. The same result was obtained for cultures with 5% (vol/vol) H 2 as the electron donor and ethanol (and CO 2 ) as the carbon source (results not shown). Hence, despite the fact that the genome sequence indicates the presence of multiple ORFs that are annotated as "alcohol dehydrogenase," ORF2977 Adh appears to be the only enzyme catalyzing ethanol oxidation. The hyd mutant reached a final cell density (OD 600 ) of 0.248 Ϯ 0.013 with ethanol as the carbon source and electron donor. Cultures of the hyd mutant transferred from WP-LS medium to WP medium with ethanol as the carbon source and electron donor had a lag phase of 200 to 250 h. Ethanol-grown cultures of the hyd mutant transferred to ethanol-containing media started to grow within 24 h.
DISCUSSION
The power of proteomics, functional genomics, or other molecular biology techniques for identification of proteins that function in energy metabolism of anaerobes has already been demonstrated. Schut et al. (23) identified genes involved in hydrogen metabolism and sulfur reduction from hybridization to a limited Pyrococcus furiosus microarray. Tersteegen and Hedderich (27) have shown by reverse transcription-PCR that two membrane-bound, energy-converting hydrogenases are induced in Methanobacterium thermoautotrophicum under hydrogen limitation, suggesting a role in energy conservation by some form of hydrogen cycling.
Our experiments point to an important role of ORF2977 Adh in the energy metabolism of D. vulgaris, which we wish to understand. Hensgens et al. (10) purified a close homolog of ORF2977 Adh from D. gigas cells grown on media containing ethanol and sulfate. The enzyme had a molecular mass of 43 kDa by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (similar to ORF2977 Adh), assembled into decamers as judged by electron microscopy, and had a very similar N terminus, AVREQVYGFFIPSVTLIGIGA SKEI, compared to that for ORF2977 Adh, AVQEQVYG FFIPRVTLIGIGASKAI. Hensgens et al. (10) found this enzyme to be active towards ethanol, isopropanol, and a variety of other alcohols at lower activity. Because it was isolated from cells grown on ethanol, the authors concluded that catabolic oxidation of ethanol must be its primary function in D. gigas. We have confirmed here by mutation that ORF2977 Adh is the sole enzyme catalyzing ethanol oxidation in D. vulgaris (Fig. 5) . Interestingly, it also functions during growth with lactate, pyru- Table 3. vate, formate, or hydrogen as an electron donor for sulfate reduction, because it is prominently expressed under all of these conditions ( Table 4 ). The enzyme likely reoxidizes ethanol formed during metabolism of these different electron donors. For instance, D. vulgaris incompletely oxidizes lactate to acetate and CO 2 (21) , and some of the acetate is converted to ethanol (28) . The enzyme or enzymes forming the ethanol are currently unknown. With excess sulfate, ORF2977 Adh likely reoxidizes the ethanol formed later in the growth curve. Growth of D. vulgaris with hydrogen as the sole electron donor requires the presence of acetate as a carbon source. The need for ORF2977 Adh under these conditions can be understood when assuming that some of the acetate is transiently converted into ethanol.
Since liberated in ethanol oxidation are converted into a proton gradient. Proteomic analysis indicated that deletion of the hydAB genes, encoding Fe-only hydrogenase (HydAB), significantly lowers the cellular content of ORF2977 Adh (Fig. 2) . This result was confirmed by macroarray hybridizations in which transcription patterns of wild-type and hyd mutant D. vulgaris strains were compared (Fig. 4B, spot 1) . Figure 4B also indicated downregulation of ORF2976 and ORF2967 putative H 2 : Hdr complex (Fig. 4B , spots 2 and 3) and upregulation of ORF2128-2130 hynAB (Fig. 4B, spot 4) encoding NiFe-hydrogenase, possibly to compensate for the loss of HydAB. The ORF2976 and ORF2967 genes belong to a six-gene operon located 230 bp downstream of ORF2977 adh. The adh gene is not believed to be part of this operon, because the intergenic region is rather large and contains a putative hairpin loop. The operon consists of ORFs 2976, 2975, 2972, 2971, 2969, and 2967, encoding proteins predicted to be cytoplasmic. A BLAST search (1) showed that the closest homologs to ORFs 2976, 2975, and 2972 are subunits HdrC, HdrB, and HdrA of heterodisulfide reductase from Carboxydothermus hydrogenovorans or M. thermoautotrophicum (9) . The closest homologs to ORF2971, -2969, and -2967 are the ␦-, ␣-, and ␥-subunits of (sulf)hydrogenase from Pyrococcus. The operon may thus encode a cytoplasmic heterodisulfide reductase-hydrogenase. Corresponding enzymes in methanogens are referred to as H 2 -heterodisulfide oxidoreductase (H 2 :Hdr). Macroarray analysis of the adh mutant also indicated downregulation of the genes encoding the ORF2976-2967 putative H 2 :Hdr complex (data not shown). The close physical relationship and coexpression of ORF2977 adh and the operon for putative H 2 :Hdr complex strongly suggest that [H] originating from ethanol oxidation are processed by H 2 :Hdr.
In methanogens, a heterodisulfide of coenzymes M and B (CoM-S-S-CoB) and methane are formed in the final step of methanogenesis. Membrane-bound H 2 :Hdr regenerates CoM-SH and CoB-SH by reduction of the heterodisulfide with hydrogen (9) . This reaction is energy conserving and contributes to the proton motive force. The H 2 :Hdr from M. thermoautotrophicum can be dissociated into a hydrogenase and a heterodisulfide reductase subcomplex, each consisting of three subunits (9) . In addition to methanogens, heterodisulfide reductase homologs are found in the sulfate-reducing bacteria D. vulgaris and D. desulfuricans, in the sulfate-reducing archaeon Archaeoglobus fulgidus (13) , in the metal-reducing bacterium Geobacter metallireducens, in the green sulfur bacterium Chlorobium tepidum, and in the CO-reducing bacterium C. hydrogenoformans, among others. The role of H 2 :Hdr in nonmethanogens is unclear. In D. vulgaris, the ORF2976-2967 putative H 2 :Hdr complex likely has a role in ethanol oxidation. A possible mechanism is that ORF2977 Adh transfers [H] from ethanol oxidation to a disulfide in H 2 :Hdr, forming reduced enzyme (HS-E-SH), which is then converted to the oxidized form and H 2 . In the hydrogen cycling hypothesis, this cytoplasmically generated H 2 diffuses to the periplasm, where it is oxidized by periplasmic hydrogenases (17) . The latter model may be too simplistic, because it fails to explain why of several (18, 30) and by the fact that the HydAB content in the adh mutant is similar to that in the wild type as determined by immunoblotting (results not shown).
In summary, the proteomics, functional genomics, and gene mutation results obtained here further illustrate the complex transmembrane cycling mechanisms that conserve the free energy liberated when organic compounds are oxidized with sulfate in the sulfate-reducing bacteria.
